Cadmium sulfide and lead sulfide semiconducting nanoparticle chains have been fabricated for the first time by exploiting a general property of proteins, amyloidogenicity. The diameter of the CdS and PbS nanowires was tuned in the range of ∼50 to ∼350 nm by changing the process parameters. The nanoparticle chains were characterized by field emission scanning electron microscopy, UV-visible spectroscopy, transmission electron microscopy, electron energy loss spectroscopy and high-resolution transmission electron microscopy.
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Introduction
It is now widely known that nanoparticles offer the potential of enhanced electrical, mechanical and thermal properties when compared to their bulk counterparts [1] [2] [3] [4] [5] [6] [7] [8] [9] . As their diameter gets close to or smaller than the scattering lengths of electrons, photons and phonons, their properties differ from those of the bulk materials. At critical dimensions smaller than 10 nm, quantum size effects become dominant, holding promise for breakthroughs in nanoelectronics and sensor technologies. Nanocrystal and nanoparticle dimensions in the range of 1-25 nm match well with the size scale of biological molecules and offer opportunities in understanding the bottomup nanofabrication that nature employs. Recent advances in nanotechnology have resulted in the nanoscale bottomup synthesis of a significant number of one-dimensional (1D) inorganic materials, of interest for their potential applications as functional nanodevices [10] [11] [12] [13] . Despite these advances, difficulties encountered when trying to interconnect the individual nanostructures into more complex devices represented an important obstacle for further advances in the field. Other disadvantages lay in the rather extreme conditions (high temperatures or pressures) used by nanomaterial fabrication methods, such as chemical vapor deposition (CVD) . The tendency to assemble into nanofibrils, through hydrogen bonding, is a generic property of some peptides and proteins. This capacity, combined with molecular recognition properties, could potentially be used for the controlled synthesis and pattern formation of inorganic materials at a molecular level. Different classes of biomolecules such as DNA or viruses have been used for the bottom-up assembly of 1D materials [14] [15] [16] [17] [18] [19] [20] [21] . On the other hand, the more generic property of some peptides and proteins to self-assemble into ordered fibrils has been much less exploited. The self-assembly process can be precisely designed by controlling the charge arrangements of the aminoacid residues on the β-sheet surface. Peptide molecules containing both polar and nonpolar groups can be induced to assemble into various desired geometries, such as micelle aggregates or nanofibrils [22] [23] [24] [25] . The presence of amyloid fibril assemblies in different parts of the human body can lead to pathologies such as Alzheimer's disease [26] [27] [28] . Recently, it was shown that several nonpathologic polypeptides can self-assemble into amyloid-like fibrillar structures [29] [30] [31] [32] [33] . Although amyloid-like peptide nanotubes can be formed starting from various types of proteins which are unrelated from a structural point of view, all of the resulting fibrils share similar structural properties [34] [35] [36] [37] [38] [39] .
α-Synuclein, a 14.5 kDa protein found in the brain [40] , is of interest due to its capacity to self-assemble into long amyloid-like fibrils under specific incubation conditions such as in the presence of certain transition metals [41] . When fibrillization occurs under favorable conditions in vivo, it leads to diseases such as Parkinson disease, dementia and Hallervorden-Spatz disease [42] [43] [44] . Under controlled conditions in the test tube, α-synuclein has the capacity to self-assemble into fibrils stabilized by an extensive network of hydrogen bonding [40] . This protein also exhibits specificity towards some ions and molecules [45, 46] . Amyloid-like fibrils formed from a peptide derived from the β-amyloid protein or from the yeast prion protein Sup35 have been used for the synthesis of Ag and Au nanowires [47, 48] . α-Synuclein has recently been investigated in our laboratory as a template for the synthesis of metallic nanowires [22] .
In this paper, we focus on the synthesis and characterization of wire-like nanoparticle chains of semiconducting compounds such as CdS and PbS on a model fibril-forming protein, α-synuclein. Semiconductor 1D materials such as CdS and PbS are of considerable interest for practical applications due to their interest for applications in optoelectronic and electronic devices and solar cells [25] [26] [27] [28] . Cadmium sulfide (CdS) as a potential semiconductor material has received much attention due to its direct bandgap in the visible wavelength region. Various CdS nanostructures such as nanowires, nanotubes and quantum dots are being widely investigated for applications in nonlinear optical devices, photovoltaic cells, and thin film transistors (TFTs) [49] [50] [51] . The biotemplated synthesis of CdS and PbS nanowires has been performed before on DNA and viral templates [18] [19] [20] . However, there are no reports in the literature to indicate the exploitation of the capacity of peptides to assemble into amyloid-like fibrils (amyloidogenicity), for the fabrication of 1D semiconductor nanostructures. Here, we report for the first time the controlled ordering of CdS and PbS semiconductor nanoparticle chains, crystallized on a model amyloidogenic protein, α-synuclein.
Experimental details

Formation of α-synuclein fibrils
Expression and purification of α-synuclein was performed as described previously [53, 55] . For the self-assembly of α-synuclein into fibers, purified, lyophilized E46K α-synuclein was chosen due to its ability to form amyloid fibrils rapidly. α-Synuclein was dissolved in 'fibrillization buffer' (phosphatebuffered saline (PBS), pH 7.4, 0.02% (w/v) NaN 3 ) and dialyzed against the same buffer (24 h, 4
• C). The protein solution was filtered through a 0.22 μm nylon spin filter followed by a Microcon-100 spin filter, yielding a stock solution depleted of aggregates. The protein was diluted in fibrillization buffer to a final concentration of 100-300 μM (determined with a bicinchoninic acid (BCA) assay) and incubated at 37
• C for 12-96 h with gentle 'rolling' in a tissue culture rolling drum.
The sample was prepared for cryo-electron microscopy (cryo-EM) observations by quick freezing in liquid ethane. As compared with the negative staining procedure where the heavy metal present in the staining solution induces artifacts and changes in the protein structure, the cryogenic preparation of samples ensures visualization of the biomolecule in its hydrated, native state, allowing for higher-resolution EM data to be collected. Cryogenic sample preparation was done by using an automatic sample preparation system produced by the FEI Company, the Vitrobot. The cyro-EM sample preparation technique involves depositing a small amount (typically 3-4 μl) of sample on a 3 mm diameter electron microscopy grid held by a pair of tweezers, and plunging it into liquid ethane. The excess liquid on the grid is blotted with filter paper before the specimen is rapidly frozen into liquid ethane, embedding the sample molecules into a thin, electron transparent layer of vitreous ice. The ethane is then liquefied by cooling at liquid-nitrogen temperature. While these sample preparation steps can be performed manually, by using a simple freezeplunge system, the Vitrobot produced by FEI is computer controlled and enables the user to set up the sample preparation parameters, such as humidity and blotting time. A volume of 3.5 μl of protein sample were placed on a holey carbon grid. The excess liquid was blotted for 2 s and then the sample was quickly dropped in a liquid nitrogen cooled liquid ethane container. The procedure allowed for obtaining a thin, electron transparent layer of vitrified sample solution that was then imaged under low dose conditions (typically for our experiments, 15Å cm −2 ). The resulting samples were imaged by cryo-EM with a JEOL 2100 transmission electron microscope, operating at 200 kV, to confirm that fiber formation had occurred after 96 h incubation.
Synthesis of CdS and PbS nanoparticle chains
The fabrication of cadmium sulfide (CdS) and lead sulfide (PbS) nanoparticle chains was performed by using cadmium chloride (CdCl 2 ) (0.8 mM) or lead nitrate (Pb(NO 3 ) 2 ) (0.5 mM) as the salt solutions and hydrogen sulfide (H 2 S) gas as the sulfur source. A p-type silicon (Si)(111) wafer was used as a substrate for the synthesis of CdS and PbS nanoparticle chains. The synthesis procedure was also repeated using a 3 mm diameter carbon coated nickel grid as a substrate. A volume of 10 μl of fibrillar α-synuclein suspended in PBS buffer was placed onto the substrate and dried in a desiccator before the addition of 10 μl of CdCl 2 solution. The cadmium chloride solution was incubated with the α-synuclein protein for 10 min. The solution was then subjected to H 2 S gas, passed over the Si substrate for up to 6 min. The CdS containing substrate (silicon wafer or transmission electron microscope grid) was rinsed with deionized water and dried under a jet of air. The sample was then imaged with a Hitachi S4800 scanning electron microscope. After CdS synthesis, the grid was rinsed with deionized water, dried in a desiccator and imaged with an FEI Titan 80/300 transmission electron microscope. For the synthesis of PbS nanowires a similar experimental procedure was followed, using Pb(NO 3 ) 2 as the lead source and H 2 S gas as the sulfur source.
Characterization of CdS and PbS nanoparticle chains
The mean diameter and morphology of the nanoparticle chains were determined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). High-resolution transmission electron microscopy (HRTEM) and electron diffraction patterns were used to verify the nanocrystallinity and composition of the CdS and PbS nanoparticle chains. UVvisible (UV-vis) absorption spectra were also registered to further verify sample composition.
All SEM analyses were performed on a Hitachi S4800 field emission microscope. TEM imaging was performed a Philips CM-10 operating at 100 kV (images acquired on Kodak Electron Image Film type S0-163) or on am FEI Titan 80/300 transmission electron microscope equipped with a Gatan Imaging Filter (GIF) and a 2 k CCD, operating at 300 kV. Electron energy loss spectra (EELS) and HRTEM images were acquired on the FEI Titan. The UV-vis absorption spectrum of the CdS nanoparticle chains, colloidal CdS, and the α-synuclein fibrils were recorded with a molecular device microplate reader.
Results and discussion
Formation of α-synuclein fibrils
α-Synuclein is thought to form fibrils via a multi-step selfassembly mechanism [52] [53] [54] [55] . According to this model, during fibrillization the natively unfolded monomers assemble to form soluble oligomers. These oligomers then convert to protofibrils, which provide nucleation sites that accelerate the seeding and growth of α-synuclein fibers. The exact relationship between the formation of smaller oligomers, larger protofibrils and the completely formed α-synuclein fibrils is unclear. Figure 1 shows a cryo-TEM micrograph of fully formed α-synuclein fibrils. The image in figure 1 shows the presence of fibrils with a twisted morphology and with diameters of approximately 10 nm. Fibrils with diameters larger than 8 nm are referred to in the neuroscience literature as 'mature fibrils' [56] .
Synthesis and characterization of CdS and PbS nanoparticle chains
Before the formation of CdS and PbS nanoparticle chains, the α-synuclein fibrils appeared to have a uniform diameter of ∼10 nm (figure 1). After the synthesis of CdS and PbS nanowires, the diameter of the fibril increased, indicating the deposition of material. Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to determine the diameter and physical morphology of the nanowires. The HREM image in figure 3 shows images of the PbS nanoparticle chains, taken at high magnification, where lattice fringes become visible. The HREM images indicate that nanoparticles (3-6 nm) formed along the length of the protein fibril. The nanocrystals appear to mostly be in close contact and overlapping with a diameter of 3-6 nm. The HREM images in figure 3 , taken at Scherzer defocus, demonstrate the crystallinity of the nanoparticles by the presence of lattice fringes.
TEM bright field images and selected area diffraction (SAD) patterns were taken for each sample, in an effort to identify their crystal structures (figure 4). The diffraction pattern from a CdS nanoparticle chain sample revealed the zinc blende structure of CdS. The interplanar spacings and the relative intensities of the diffraction rings matched well those of the CdS zinc blende structure. Table 1 shows a comparison between the calculated and measured interplanar spacings, further confirming the zinc blende structure of CdS nanowires. Similarly, bright field TEM images and corresponding diffraction patterns of PbS nanoparticle chain sample were recorded. The diffraction pattern was indexed and revealed a rock salt structure of PbS nanoparticles. Figure 5 shows the TEM bright field image and diffraction pattern (inset) obtained from the PbS sample. Table 2 shows a comparison between the calculated and the measured interplanar spacings, confirming the rock salt structure of PbS. In addition to the selected area diffraction (SAD) results, the presence of cadmium and sulfur in a CdS nanoparticle chains, and lead and sulfur in a PbS nanoparticle chains was confirmed using electron energy loss spectroscopy (EELS). Figure 6 (a) shows the cadmium M 4,5 edge overlapped with the nitrogen K edge. The onsets of the nitrogen K and cadmium M 4,5 edges are 401 eV and 404 eV, respectively. Since the nitrogen K edge has two sharp peaks close to the onset and the cadmium M 4,5 edge has a smoothly increasing shape from the onset, the first two sharp peaks in figure 6(a) correspond to the nitrogen K edge and the third blunt peak corresponds to the cadmium M 4,5 edge, an interpretation that is consistent with prior EELS studies in similar systems [67] . This nitrogen signal is likely from the α-synuclein. Figure 6(b) shows the sulfur L 2,3 edge at 165 eV overlapped with the chlorine L 2,3 edge at 200 eV. The presence of a chlorine signal is also consistent with the presence of residuals from the starting material of CdCl 2 . In spite of the significant edge overlaps present in these spectra, the data in figure 6 clearly confirm the existence of cadmium and sulfur in a CdS nanowire. Figure 7 shows the lead O 2,3 edge at 86 eV and the sulfur L 2,3 edge at 165 eV, overlapped with the chlorine L 2,3 edge at 200 eV. These EELS spectra in figure 7 also confirm the existence of lead and sulfur in a PbS nanowire. Therefore, these EELS results clearly support the previous SAD results. Figure 8 shows the UV-vis absorption spectrum of a CdS colloidal sample in the absence of a protein template, compared with the absorption spectrum of CdS nanoparticle chains formed on the α-synuclein fibril template. The colloidal CdS sample has been synthesized in our laboratory by essentially repeating the procedure used for the synthesis of CdS nanoparticle chains, with the only difference that no protein template was present in solution. The pH of the Figure 9 . TEM bright field image of the CdS nanoparticles synthesized in the absence of a biological template, at a pH of 5.9 and 2 min H 2 S exposure.
solution was of 5.9 and the H 2 S incubation time was of 2 min for both the colloidal and the biotemplated sample. The average particle size in the colloidal solution was determined by TEM to be of 80 nm (figure 9). The average particle size of the protein-templated nanoparticle chains was found to be ∼50 nm ( figure 10 ). The UV-vis spectrum of the colloidal CdS sample shows a maximum at 485 nm, corresponding to the characteristic absorption of CdS colloidal suspensions and thin films [57, 58] . For the protein-templated nanoparticle chains, a maximum was observed at 465 nm in the UV-vis absorption spectrum. The slight shift towards the blue region of the spectrum for the α-synuclein-templated nanoparticle chains is in good agreement with the average particle size of the colloidal CdS sample being larger. The UV-vis absorption spectrum of α-synuclein is also shown in figure 8 for comparison. In addition to the EELS and electron diffraction results, the results of the UV-vis absorption measurements, corroborated with similar results in literature [57, 58] , further confirm the chemical composition of the CdS nanoparticle chains.
The reduction of ionic silver to a metallic form in the presence of proteins and DNA was described by Merril et al [59, 60] . The method is applied for the detection of proteins and nucleic acids and is based on the differences between the redox potentials of the biomolecules and those of the cations. A rather similar two-step chemical mechanism, in which the metal ions are first attached to negatively charged side chains and subsequently participate in other chemical reactions in the presence of biomolecules could explain our experimental results. The CdS and PbS nanocrystals were deposited along the α-synuclein protein fibril by a two-step mechanism. In the first step of the process, the Cd 2+ and Pb 2+ cations bind to the negatively charged aminoacyl side chains of the α-synuclein. The negatively charged C terminal domain of α-synuclein contains five aspartate and ten glutamate side chains, and therefore has the potential of forming complexes with metal cations and subsequently, after the introduction of the sulfide anion, nucleating nanocrystal formation on the fibril surface. One might speculate that there are several regions along the protein fibril where the protein side chains have a significant affinity for the CdS and PbS semiconductor nanoparticles, leading to the stabilization of inorganic nanoparticles. Although template synthesis of inorganic nanoparticle chains on biomolecular templates offers the advantage of a simple, reproducible generic method for the fabrication of inorganic nanostructures at ambient conditions, previous results obtained with templates such as DNA indicate that the shape of the resulting nanostructures is very similar that of the nanoparticle chains reported here [61] [62] [63] [64] [65] .
Nanoparticle chain synthesis experiments for both CdS and PbS were performed in an attempt to design a synthesis procedure with the capability to control the lateral dimension of the nanoparticles. A set of CdS and PbS nanoparticle chains was prepared by varying the time of H 2 S gas exposure and by varying the pH of the salt solutions. For CdS, the initial pH of the CdCl 2 solution was 5.9 and two samples were exposed to H 2 S gas for 2 and 6 min, respectively. When the pH of the metal salt solution was increased to 6.5, two other samples were exposed to H 2 S gas for 2 and 6 min, respectively. A similar procedure was carried out for the preparation of PbS nanoparticle chains. Figure 10 shows TEM images of CdS nanoparticle chains after 2 min of exposure to H 2 S gas, at pH values of the CdCl 2 solution of 5.9 and 6.5. The diameter of the nanowire increased from ∼50 to ∼100 nm with the increase in the pH value. Figure 11 shows a similar set of images of CdS nanoparticle chains after 6 min exposure to H 2 S gas, with pH values of the CdCl 2 solution of 5.9 and 6.5. The diameter of Figure 13 . TEM images at the same magnification of PbS nanoparticle chains after 6 min of H 2 S gas passage in a Pb(NO 3 ) 2 solution with a pH of 5.4 (a) and 6.0 (b). The diameter of the particles increased from ∼250 to ∼350 nm with increasing pH. the nanoparticles increased from ∼250 to ∼350 nm as the pH value increased. The results show that the lateral dimensions of the CdS nanoparticle chains can be controlled by adjusting reaction parameters such as the pH and the H 2 S exposure time. Figures 11 and 12 show a similar trend in the case of PbS. Figure 12 shows TEM images of PbS nanoparticle chains after 2 min of H 2 S gas exposure with pH values of 5.4 and 6.0. Figure 13 shows TEM micrographs of PbS nanowires, with samples exposed for 6 min to H 2 S gas and at pH values of 5.4 and 6.0.
The diameter of the semiconductor nanoparticle chains can be tuned by controlling the time of exposure to H 2 S gas of the protein fibril incubated with lead or cadmium salts, and by adjusting the pH of the metal salt solution during synthesis. The cations attach to the fibril's surface in an initial step, and subsequently they react with the S 2− anions in H 2 S. Therefore, the higher the length of exposure to H 2 S, the higher the amount of the reaction product (CdS or PbS) formed on the template's surface. On the other hand, the pH value has an influence on the electrical charge of the protein fibril's surface, thus determining the number of cations (Cd 2+ , Pb 2+ ) that bind in the initial step of the process. In turn, this pH effect enables control of the amount of reaction product (CdS or PbS) deposited to form nanoparticle chains of various diameters. For the design of semiconductor nanoparticle chains of smallest possible size (limited by the template diameter), high pH values together with the shortest possible H 2 S exposure time (determined by the reaction kinetics) were experimentally found to be optimal. These experimental results are based on the general mechanism of deposition of semiconducting nanoparticles on charged substrates. Each of the chemical species involved in the chemical reactions has an impact on the reaction rates and therefore on the amount of the product formed. For the synthesis of semiconductor nanoparticle chains, the cations attach, in a first step, to the negatively charged COO − groups of the aspartate and glutamate residues of the α-synuclein. Our results show that the concentration of the final reaction product (CdS) varies directly with concentration of metal cations (Cd 2+ ) attached to the substrate. Increased pH and therefore higher concentration of cations on the protein substrate leads to an increase in the nanoparticle's diameter.
Another parameter that has to be taken into consideration in the rigorous control of the nanoparticle chains diameter is the correlation between any chain elongation and the amount of the reaction product (CdS or PbS) deposited on the α-synuclein fibril scaffold as the reaction parameters are varied. It seems that in the case of α-synuclein fibrils, the limiting factor for chain elongation is the length of the protein template. With the negatively charged aspartate and glutamate groups exposed at the template's surface and available to interact with cations (Cd 2+ , Pb 2+ ), longer protein fibrils would allow for a larger number of CdS or PbS nanoparticles to nucleate and grow on the protein template. Therefore, longer protein fibrils used as templates have the potential to result in nanoparticle chains with lower average diameters.
Conclusions
In summary, we report for the first time the capacity of an amyloidogenic protein to promote the crystallization of semiconductor CdS and PbS nanoparticle chains. The nanoparticle diameter can be tuned by controlling the reaction parameters. Exploitation of the capacity of peptides and proteins to assemble into fibrils for the production of other semiconductor 1D materials at ambient conditions and with controlled diameters could prove to be a versatile generic method for semiconductor nanostructure fabrication.
